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LIES DEEP IN A MAPLE FOREST NEAR THE WISCONSIN:MICHIGAN

One day in July 2008 a group of scientists and graduate

led by ecologist Stephen Carpenter of the University of
-Madison ardved at the lake v/ith some flsh. One bv

dropped 12 largemouth bass into the water. Then they
for home, leaving behind sensors that coulal measure wa-

claxiw every five minutes, 24 hours a day.

The
2009. Each ttme

trip tlco more times jn

15 more bass into the water
Months p6sed. The lake .ycled through the seasom. Ii aoze

oler thawed out and bloomed a€ain vith life. Then, in the sm_
mer of 2oro. Peter Lake chansed dranatically Before the scien_

tists staxted their elperiment, the lake atounded in fathead

minnows, pumpkinseeds and othe. smal lish. Now, howe4
those once dominant prcdatore were rare, for the most pait eat-

en by the largemouth bass. The few suNirors hid in the shal'
lows. Water fle6 and other tiny animak that the small flsh onc€

devoured were now free to flounsh. And because these diminu
tjve animals sraze on alsae, the lake ater became cleder Two
yeds lat€r the ecosystem remains in its altered stat€.

Peter Laket f@d web has fliDDed, shiftiqq from a 1otr8-

standing drangement lo a new one- caxpenter trigSered the
\wilf,hover on purDGp, as parl of an etlrrimFnl he ic rrrninc
on the factors ihnt lead to pereistent changes in the mix of or_

Bdisms eatin€ and being eaten by one another Yet in recent

alecades food webs across the world haft a.lso been flippin8, ot
ten unexpectedly, on a f greater scale. Jelbfish now dominate

the waters ofl ihe coast of Namibia. Hungry snails and tunsi
drc overrunninS.otutal naahes in Norlh caro'rna. causiog

rhem to alisintearate. In the northwesten Atlantic, lobsters ae
proliferatins while cod have crahed.

Whether by fishins, conveding lald into fdms md cities, or
warminA th€ pldet, humaniw is putting t emendous stesses

on the world's ecosystems, As a result, ecologbts erpect manv

more food webs to flip in the yea$ anead. ?redjcting those sud_

den changes is fa.r from straiAhtfoNdd, howeftr, because food
{ebs can be sta€€erin8ly complex.

Thrt is wherc Carpenter comes in. Trkins admntage of 30
years of ecological reseach at ?et€r Lake, Carpenter and his
colleasues developed mathematicat models of ecological net-
works that alowed them to pick up early-naming siSns of the

change that was comins, 15 months iefore its food web flipped.

''We could see it a good long ways in adEnce," Carpenter says.

With the help of su€h models, he and other scientisis are be_

Binning lo decjpher some of the ru1€s that detenine whether a
food $Fb will mrnajn slable ^r.ros a ,hreshold and chanBe

substa.ntiallj'. They hope to use their knowledse ofthGe rules to
monitor the stat€ of ecoststems so that they cm identi& ones at
risk of collapse. Ideally, an early-waxning system would tel us

when to alter human etivities that are pushins an ecos$tem
towdd a breakdown or would even allow us to pull ecosrstem
back from the brink. Prevention is ken thev sav. because once

ecosystems pass thet tippins point, it ft rcmarkably difrcult for

MATHEMATICAL PREDATORS

cNxMEk's wonx builds on a ctntury ofbdic research by ecDlo_

Bists who have sought to answer a sjmple question: Why are

the populatioDs of different species ihe way they are? Why, for
exmple, are there so manJ flies and so few wolves? And Nhv
do the sizes of fly popllations vary gready from one year to the

nert? To lind an answer, ecolosists began to diasrm food webs,

noting who ate whom and how much eeh one ate. Yet food

lN rlnt11lr
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FOOD WEB IN ACTION

Fewer Sharks, Scallops Ir
Aft* d@d6 ofthinKng that food wbs ae ntuctured from tl€
bottom up, @archel! a€ lindins that top predatoE often @ntol
the chain-diectly and indir€.-iM A study by JLrlia Baum, iow at
the Uni€rciry ofvidona in British Columbia, and oth€6 sho\'s ihar
o!€rfshing ol la€€ sharlc (biue) off the €stem U5. has dlored
midl*l prcdatoB (q@i) to sro,v in number, eGpecially the cow-

nose ray. The qpanded population, in tum, has dryastated @rtain

o$d shad{r 6J6 and 5|Gr6 (midlMl pftdabN)

lnitial populadon sia

shelffish (J€lM), rotably bay scallops. A ban on shark fshing
could allw the lish to €i:Mr, curtailins the c<Moe

{s )maner popurat on s ze alter J5y€its

ffi ,.r*o.or".*,*un",ru*o

I Major pEdation

b@m afd allowing s{alopr toiourishagain.
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webs can encompass dozens, hundreds or
thousands oi species; their compl€xity of-
ten tumed attempted diaSrans into hope-

To make sense of the snarls, ecologists
lave rDmed food webs into mathematical
models. They wrjt€ an equation for lh€
crorth of one species by linhng its repro
dndion rat. to low mnc.h food it can obtain
and how often it tets eaten by oiher species.

Because all rhose mriables can chang€, soN
ing the equations for eyen simple food webs

har proved oveMhelmins. FortunaelJa the
rise of fast, cheap computers has reendy al
lowed ecolotists to nrn sinulatiom of many
difrerent hnds of ecosrstems.

Out of this worh ecolosists disc@ered

some key princrples operatins in real food
w€bs. Most food webs, for instarce, consist

of many weak linls rather thd a few strong
ones. I\vo species a.re stron€ly linked if ihey
intemct a lo! such as a predator that coDsis-

tently d€vou$ huse numbers o{ a sinSle
prey. Species that are weakly linked iDteret
occnsionally: a predator snaclG every now
dd then on various sp€cies. Food webs may
be dominated by numerous weak link! b€-

.aue that mmgement is more stable over

ih€ long term. If a predaior cm eat several

specjes, it can sNive the extinction of one

of them. And if a predator can move on to
another species that js e6ier to frnd when a

prey species beomes raft, the switch allows
th€ original prey to recover The wak lin\s
may thus keep species from driving one an
othertooltinction. You see it over dd over

again." sars Kevin Mccmn, an eoologisi at
the Unive6iq' ofGu€iph in Ontaxio.

Mathematical models have also revealed

rulnerable points in f@d webs, where smal
charu€s can tead to big elTects throuahout
entirc ecos!€t€ms. In the 1960s, for €xamplq

ITNINIENDEIT CUT| Removina

8laywoh€s fron YellNst ne
National Pdk allored a boom in
€lk, which dined on a6pen l€req
killing llmy )oun8 tle€s.

atoN had mdsive impacts on food webs. The
slaughter of wol!€s around Yelowstone Na'
tional Park led to a boom in elk and other
herbivores- The elk fedied on Nilow and 6-
pen leaves, killins maw trees. Likewjse, ofr
the eastEm U-S. coa€t fishers have demstated
oyster and scaltop populations Mthout catcl'
ins a sin8le one. Inskad rhey have kiled
shaxls in huge numbel!, alowinA the snaller
predaiory lish the shaxks fed on to thive. The

DoDulation of comose m.ys, for (rrimple. hd
exploded. CoMose rays feed on bo$om-
dwelins shelfish, md m a resul! then boon
has led to a crarh in ortters aIId scaltops.

THE STICKYSv/ITCH
rA\a or rErsE ruPs have takeD ecologistr by
surprise. And they harc realized that fore
cdtins whfl a f@d web wil chmge drasti-
cally is important because once it does, it of
ten sticksj rdming a f@d web to iis odginal
stat€ is ha.rd. "G€tting back is reaIy, realy dif'
ficull" says ecolosist vily ChrjsteNen of the
Universiu of Britjrh Colunbia.

ln the northwestem Atlantic, for exam
ple, @d fisherjes collapsed iD the eaxly

r990s. Cod are vom.ious predators, and
with their disappearance ()me a boom in
th€ir prey iniluding sprats, capelins, youns

lobsters and snow crabs. To tly to alow cod
to EoE! mmagels put saict limits on md
nshing or even banned it altosether. The

mathematical models they relied on indicd-
ed rhat if the fish were teft unmolesied, they
would be able to lay enoush eaas md srow
fdt enowh to rebuild thel population.

.The prediclions for recov€ry were on

the ord€r of five to six years," says K€nneth
ftank. . researcn scientist at Fishedes and

Oceans Canada at the Bedford Institute oI
o@anograpry who studies cod ffsheries ofr
the coast of Nom Scotia and Nerfoundland"

theoreticiaff proposed ihat predatoN at the top of a food web ex

ercd a surprisins mount of control over the size of populatiDN

of other specis-includin8 species they did not direcdy atta.k.
The idea of this topdom @ntrcl by a sntll fraction of animals
in m ecosrstem w6 greeEd Mth skeptictsn. It Im had to 6ee

how a fe$, top predaiors ould have such a great etrect on the rest

But then $'e humans besd runnins unplmned experiments
that Dut this so-called troDhic cascade hypothesis to the test. ln
the ocean, we Iished for toD Dredators such js cod on an indus-
t al scale, while on land, we killed otr large predators such s
wolves. We introduced invalive species such d rais to tulands

a.nd gave a varief of other shocks to the world's ecosystems.

The results of these actions vindicated the key role of predators

;lJld the cascadins etrects they cm have fiom the top of a food

Ecolosists realizd tha! s predicred, charS€s in certarn pred

6:1scie inc Arericao, october 2or2

The predictions were wong, ho{€ver. Even after sjx yea$, rhe

cod showed no si6n of recovery- Instead the species lansuished
at a few percent of iis pre@llapse population.

Frdk od hi6 colleagles have now fiEured out w}J: the ini-
tial estinates were bsed only on how f6i cod can reproduce,
noi oD how the whole food web is orSanized. Adult cod feed on
sprats and capelins dd other prey looM coUectively a.s fora€e
nsh. The fouse flsh, in turn, eat tiny animats \noM 4 zoD
planktons, includus the esss dd lme of cod themselves.

Before cod were overlished, they kept the foFae nsh in
check, so that the smal nsh could not eat enough eg8s and lar'
vae to put a dent in the cod popul:tion. once humans lowered
the cod population, though, the tables were tuned. The fo €e
nsh boomed and could dmur a suhtantial fraction of ihe
young cod. Even \{ithout humans iishins them, the cod were

Oily now aie l}ark ard his co workerc sein8 sisN of a de-
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them beean dumping them into the Adantic, where they are now
menein8 Caribbed coral reefs. They m eatins so nuAy small
prey speies that ecolosists predici they will outcompete aid
drir€ down many of the natire predators, indudins sharks. Cli
nate chds€ is also altedna food webq in some cass by shiftin8
rhe ru€€s of preilators and their prey. No matter what the ibiver
of food web chanS€s, they may b€ able to pNh the eGrstems
de. mrjor threshol&. And ifthose ecosrrtens have sticky rwltch'
e., it will be v€ry hard to restorc them.

EARLY WARNING PREVENTS COLLAPSE

soMx scrNrsrs sAI that prevenring food webs from switching is

e more effective strategy thar trying to restore ones that have

fipped. Th€y belise m ounce of ecological prevention may be
sonh a pound of cure. Caipenter and his collea€ues have been
developing an early-rarnins system that m rerea.l when eco-

lo8iczl switches are about to happen and otrer some guida.nce

about how to pull an ecosystem back from the tippins point.
"Ecolosists had ahays thousht these things were completely

upredictablei' carpenter says. That is whja eisht years aso, he

and his colleaaues besan to €reate equatiom that could capture

how ftosFtems work They incluiled va.riables for such factors
as the reproduc,tion rate of species and the nt€ at which ditreF
ent species eat one anothel These eqrations produced €cosys

ten models that could reach tippina points at which they would
suddenly convefi into a new state, just a6 rcal ecoslttems do.

The scientists ould also see subtle yet distinctive patEms de
r€lopinE lon€ before the vinual ecGrrtem abmptly changed-
m ecolosical reNion of distant rumbles that precede a storm.
One pattern that surfaced, for exmple, Ms that when m eco-

srstem w6 disturbed-say by a sudden $ving in temperature or
a disea$ outbre€.L it besan to tate lonser than usul to retnrn
to its resdlar state. 'lAs it sets closer to the tippinA point, it recov'
ers more slowly from perturbations," says Manen Schetrer d
ecologist at Wageningen Univesity in the Netherimft vho ha!
worked with Caxpenter on early- axning systems.

Schefer, &rpenter and their co-worke$ are t€sting their
models in a nnSe of erp€riments. Some have taken place jn the
raretully controled confines of laboratodes- carpenter's dper-
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orv an imminent change in other ecoslstems, from $€dands to
fo.ests to o€am. "There m mmy triclv aspeds to i! but it does

The soal, of course, is to know when we are pushing an eco-

system to the brink, so $€ can stop pushing. To t€st this ide4
Carpenter is manipulatinE ?eter Lake aAain. lnstead of adding
lop prcdators, this time he is addins fefiili4r, whicl vill likely
lead to a boom of al8ae. Thlt, in turn, Mlt triSSer chanSes

throuahout the lake's ecosystem. Caf,penter er?ects that a num
ber of biggpr iish species-including those largemouth bass-
will crash as a resuli and tben .emain stuck at low levels. He
a,lso erpects to get waming signs of this change months in ad-
va.nce, in the fol]n of chloroDhyll fluctuations and other subtle
pattems. Once he sees those si8ns, Carpenter wil stop supply-
ing the ertra fertilizer. If he is right, the ecosystem rvil return
to its nonal state instead of flipping. lor comp ison, he wil
ndd fertilizer to nearby ftesday t ake, but he will not stop when
he does at Peter Lake. Paul Lake will asain be left untreated, as

Carpent€r is optrmistic that the early-wmina system he is
de\eloping wil- $,o-L nol jLEr in isoldled ldl$ bu, in dnl eco-

syst€m, thank to the way ecological network axe organized.
Yel snccess would not med that predictina a flip {ould be cer-
tain. The equations that he and his collea€ues have developed
sugaesi that som€ disturban€s wil be so dramatic dd fat
that rhey will not leave time for ecologists to notic€ that trouble
is coming. 'Surpnses wil continue," Carpenter says, "althoush
the edly-warning system do€s proyide the opportunity to an-
ticipate some surprises before they happen." E

kr€d reccil,€rv After faling to as low as r per-

cent of their pleoash levels, the cod have is
en in rccent !€ais to 30 percent. The key,

lrank says. is that the forage lish have erdod-
ed to such high numbem that they are out-
gripping their own food supply ard arc stan-
iDg to crash. Now that their population has

dmpled, cod esss md litme have a much
better chance io rcach adulthood. r cod can
retum to tlieir fome.lmls, they r be able
ro keep the popdladom of foraAe fish down
once more. "That's the trajectory theyre on,
but there de lots of surprbes because these
rcos'$tems ax€ so complex," ftank sa]$.

Food webs rvrl continue to flip mund
(he mrld. Some will do 60 because of hunt-
ing alld flshins, but othe$ will be butreted by
other forces. Ior emple, Uonns\ native to
the ?a.iffc, became popula.r ar pets in the
U.S., but East Coast omers who Exew ti.ed of

iment jn ?eter Lake wat the flrst time they
had put fte ea.rlv-waning stsrem to a t€st
in a natu.al ecosystem. Once the scientists
started to stock Peter Lake, they peformed
daiLv recordjncs ofthe zooplanl:to6, phlto'
planktons and nsh€s in the Mter They also
monitored neaxby Paul tnke, similar in size,

which th€y did not manipulate. Any chang-
es that occuned in both lakes would pre

sumably be the result of erxernal factors in
ihe climate. In the summer of 2009 the sci-
entisrs bega.n to see rapid rises and fals in
the chlorophyl levels in Peter Lake. The
taket jitters matched the pattems that come
before an ecosrstem flips in Carpenter's
models. Paui tnke, meanwhile, showed no

Caxpenier md his coleagues hope to de-
velop moniioring systems that can detect
similarb teltale fluctuations that foreshad-
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